This study tested the bond strength of a resin cement to a glass-infiltrated zirconia-alumina ceramic after three conditioning methods and using two test methods (shear-SBS versus microtensile-MTBS). Ceramic blocks for MTBS and ceramic disks for SBS were fabricated.
INTRODUCTION
Several testing methodologies -namely, shear [1] [2] [3] , tensile 2, 4) , and microtensile 5, 6) tests -have been suggested for bond strength evaluation of resin-based materials to dental ceramics. These test methods are based on the application of a load in order to generate stress at the adhesive joints until failure occurs. Hence, for the test to measure the bond strength values between an adherent and a substrate accurately, it is crucial that the bonding interface should be the most stressed region, regardless of the test methodology being employed 1, 2) . Many studies that employed stress distribution analyses have reported that some bond strength tests do not appropriately stress the interfacial zone [1] [2] [3] . For example, shear tests have been criticized for the development of non-homogeneous stress distributions in the bonding interface, inducing either an underestimation or a misinterpretation of the results, since failure often starts in one of the substrates and not at the adhesive zone [1] [2] [3] .
As for conventional tensile tests, they also present some limitations such as difficulty with specimen alignment and a tendency for heterogeneous stress distribution at the adhesive interface 2) . Nonetheless, tensile tests are employed in some studies because they provide information on global bond strength 4) . On the other hand, microtensile tests allow better alignment of the specimens and a more homogeneous distribution of stress, in addition to a more sensitive comparison or evaluation of bond strengths 5) . To date, no consensus is reached in the dental literature with regard to the best surface conditioning method for adequate adhesion of resin cements to oxide-based reinforced ceramics such as glassinfiltrated alumina, high-purity alumina, or zirconium dioxide [6] [7] [8] . Some researchers are in favor of chairside or laboratory types of tribochemical silica coating and silanization for conditioning oxide-based ceramics [7] [8] [9] [10] , whereas detractors claim that ordinary alumina air abrasion and silanization are sufficient without the need to purchase additional equipment 11) . To the best of the authors' knowledge, no studies have been undertaken to compare the influence of test methods on resin bond strength results to reinforced ceramics within the same study. Therefore, the aim of this study was to verify the influence of bond strength test methods (shear versus microtensile) on resin adhesion results to a glassinfiltrated alumina-zirconia ceramic, which was subjected to different surface conditioning methods prior to cement adhesion. The hypotheses tested were: (1) test method would influence the absolute resin bond strength result to ceramic, whereby microtensile test results would be higher than shear test results; and (2) tribochemical silica coating and silanization would result in the highest bond strength regardless of the testing method.
MATERIALS AND METHODS
Twenty-seven blocks (6×6×4 mm) and 27 disks (diameter: 6 mm, height: 2 mm) made of a glassinfiltrated alumina-zirconia ceramic (In-Ceram Zirconia ® , Vita Zahnfabrik, Bad Säckingen, Germany) were fabricated.
These blocks were fabricated following the manufacturer's recommendations as follows. Acrylic resin templates were fixed on a flat surface and a special plaster (In-Ceram Sprint, Vita Zahnfabrik) was poured into the acrylic templates. After removing the templates, In-Ceram Zirconia Classic (Vita Zahnfabrik) powder was prepared and applied inside the plaster molds. The zirconia blocks were then removed and sintered (Inceramat, Vita Zahnfabrik). Following which, infiltration glass for In-Ceram Zirconia was applied on each block and subjected to sintering, and then the zirconia blocks were air-abraded with aluminum oxide to remove excess glass. The ceramic surfaces were ground finished with 600-to 1200-grit silicone carbide abrasives under water cooling. After which, the specimens were ultrasonically cleaned in distilled water for 3 minutes and then randomly divided for three different surface conditioning methods (n=9 per group) ( Table 1 ). The production processes of preparing the bonded specimens for MTBS and SBS tests are shown in Figs. 1(a) and (b).
Application of cement
Each treated ceramic specimen was placed in a silicon mold 6, 8) .
The resin cement (Panavia F, Kuraray) was mixed following the manufacturer's instructions and injected into the mold on the conditioned surface of the ceramic block up to 3 mm thickness, using a Centrix syringe (DFL, Rio de Janeiro, Brazil). The cement in the mold was lightpolymerized (XL 3000, 3M ESPE; light output: 500 mW/cm 2 ) for 40 seconds from the top, and then further polymerized on each side of the specimen for 40 seconds. An oxygen-inhibiting gel (Oxyguard II, Kuraray) was applied on the free surfaces. After 10 minutes, the ceramic block-resin cement assembly was removed from the mold. Once again, the cement was light-polymerized at five aspects of the block (upper and lateral) for 40 seconds per side. Finally, the specimens were rinsed with water and stored in distilled water for 24 hours at 37°C.
Production of beam specimens
The blocks were bonded with a cyanoacrylate glue (Super Bonder Gel, Loctite Ltd., São Paulo, Brazil) to a metal base that was coupled to a cutting machine. They were positioned perpendicular to a diamond Bond Strength test Surface conditioning
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(SBS) SC2 G5 9 SC3 G6 9 1 SC1: Airoborne particle abrasion (Micro-Etcher, Danville Inc) with 110-μm Al2O3 particles. After air-blasting the remnant sand particles gently, silane coupling agent (ESPE-Sil, 3M ESPE AG) was applied on the surface and left for 5 min to evaporate. 2 SC2: Treated with tribochemical silica coating system (Rocatec system, 3M ESPE AG). Specimens were first air-abraded with 110-μm Al2O3 particles (Rocatec-Pre) followed by silica-coated Al2O3 particles (110 μm, Rocatec-Plus, 3M ESPE AG), and then silanized. 3 SC3: Chairside tribochemical silica coating system with smaller particle size (30μm, silica-coated Al2O3 particles; CoJetSand, CoJet system, 3M ESPE AG). Specimens were silanized. ＊ Blasting protocol: Perpendiculuar to the surface from a distance of approximately 10 mm for a period of 15 s at 2.8 bar pressure. 
Microtensile bond strength test (MTBS)
The ends of each beam specimen were fixed with a cyanoacrylate adhesive, keeping the adhesive zone free, to the rods of a device adapted for this test. The specimen was positioned parallel to the long axis of the device to reduce bending stress. The device was fixed in a universal testing machine (Emic DL-1000, Emic, São José dos Pinhais, Brazil) parallel to the direction of tensile load application, and testing was performed at a crosshead speed of 1 mm/min 12) . The mean bond strength values for the beam specimens of each block were calculated for statistical analysis.
Shear bond strength test (SBS)
Specimens were embedded in metal rings with the conditioned surfaces exposed, and placed with the long axis of the specimens perpendicular (90°) to the horizontal plane. Resin cement was bonded to the ceramic disks using a procedure described in detail in a previous report 7) . Resin cement was applied onto the substrate surfaces using translucent polyethylene molds (inner diameter: 3.6 mm, height: 5 mm) and light-polymerized 7, 13) .
The cement was packed against the substrate incrementally with a hand instrument, and each layer was polymerized for 40 seconds.
After polymerization, the polyethylene molds were gently removed from the test specimens. The specimens were kept at 37ºC for 24 hours and then subjected to SBS test at a crosshead speed of 1 mm/min (Emic) until fracture occurred.
Failure analysis
All 150 beam specimens from microtensile testing and 27 disk specimens from shear testing were analyzed under a light microscope (MP 320, Carl Zeiss, Jena, Germany) at ×50 magnification. Some representative specimens were selected to be analyzed under a scanning electron microscope (SEM) at ×85 and ×400 magnification. Failure types were categorized as follows: adhesive failure between ceramic and cement (ADHES), cohesive failure of the cement (COHES-cem), cohesive failure of the ceramic (COHES-cer), or cohesive failures of cement and ceramic (MIXED).
Statistical analysis
For statistical analysis, the microtensile bond strength means from beam specimens of each cemented block were calculated (n=9). Shear and Fig. 1 (a) Schematic specimen production for MTBS test: Cement-ceramic blocks bonded to a metal base that was coupled to a cutting machine. Slices were rotated 90° and bonded to the metal base again for further cutting. Non-trimmed bar specimens (approximately 1×1×1 mm) were obtained per block, and the outer bar specimens were discarded.
(b) Representative specimen production for SBS test using a polyethylene mold: Ceramic disk specimen was embedded in PMMA with the cementation surface exposed. Cement was applied incrementally, not exceeding 2 mm, into the polyethylene mold (inner diameter: 3.6 mm, height: 5 mm), and polymerized accordingly. a b microtensile bond strength data (MPa) were analyzed using two-way ANOVA and Tukey's tests (α=0.05), considering the two factors of this study: test method in two levels and surface conditioning method in three levels. Table 3 shows the means and standard deviations (SD) of bond strength data obtained from the two methods. While bond strength results obtained from MTBS and SBS tests did not show statistically significant differences (p=0.1076), the surface conditioning method affected the results significantly (p<0.0001). As for the interaction between the two factors, it was not statistically significant (p=0.1443) (two-way ANOVA) ( Table 2) . 
RESULTS

DISCUSSION
When an adhesive-adherend assembly is subjected to testing by shear or tensile forces, fracture is expected to occur at the interfacial zone and bond strength is thereby determined. However, if the bond strength test results in a high percentage of cohesive failures in the substrate, the bond performance of that particular adhesive can be misinterpreted. For this reason, SBS tests have been criticized for developing non-homogeneous stress distributions at the bonding interface 3, 13) . With shear testing, the failure often starts in one of the substrates and not at the adhesive zone, inducing either an underestimation or a misinterpretation of the results. However, these conclusions were drawn from previous studies where bond strength tests were conducted on dentin or glass-ceramic substrates 16, 17) .
Interestingly, in this study, no cohesive failures were seen in the substrates after the shear test. On the contrary, failure type was more of mixed failures after the MTBS test, where a mixture of cohesive failures was seen in both the substrate and resin cement. According to Griffith's theory 18) , the tensile strength of a uniform material decreases when the specimen size is increased. This outcome may be a function of the distribution of defects in the material, since a larger bonded area would probably have more defects than smaller specimens.
Moreover, the failure of brittle materials usually starts from an existing defect. This meant that an increase in bonded surface area for the SBS test would probably increase the risk of an earlier failure before a cohesive failure was experienced in the substrate. On the other hand, with a smaller bonded area for the MTBS test, cohesive failure of the ceramic was experienced at the margins, indicating that stresses were concentrated at the corners toward the central part of the beam. The current study compared two different bond strength testing methodologies (microtensile versus shear) to investigate the adhesion of a resin cement to a high-strength ceramic, namely a zirconia/ alumina-based ceramic. The test method did not significantly affect the bond strength results. Therefore, the first hypothesis was rejected. This also meant that our results were not in agreement with those of previous studies 1, 3, [15] [16] [17] . Bond strength of adhesive systems to H3PO4 acid-etched dentin or the bond strength of resin cements to hydrofluoric acid-etched and silanized glass-ceramics may be considered different from the bond strength of resin cements to high-strength ceramics. When a resin cement is bonded to etched dentin or glass-ceramic, the adhesive and/or resin cement penetrates the substrate surface through microretention. On the other hand, high-strength ceramics cannot be etched and therefore they are usually air-abraded with alumina or silica particles and then silanized [6] [7] [8] . In other words, the entanglement of a resin to a conditioned ceramic surface with air abrasion and silanization is based on chemical adhesion rather than micromechanical retention. In order to produce the non-trimming beam specimens for the microtensile test, the cutting procedure of high-strength ceramic-resin assemblies is much more complicated and time-consuming than cutting dentin or glass-ceramics bonded to resin materials. The stress generated during cutting can affect the adhesive interface and consequently reduce the microtensile bond strength. Based on the results obtained in this study, and taking into account the possibility of different bond mechanisms on different substrates, it could perhaps be hypothesized that the SBS test is more appropriate for testing resin b a adhesion to high-strength ceramics than to dentin or glass-ceramic matrix substrates. Nonetheless, support of this hypothesis warrants further studies using finite element analysis. Furthermore, the outcome of this study should be confirmed for densely sintered alumina and yttria-tetragonal zirconia polycrystal ceramics. On the general statement that MTBS test method is superior to SBS test, it was not verified in this study where the substrate was a high-strength ceramic.
Therefore, shear tests could still be considered valid depending on the substrate, especially since specimen preparation requires less work for this type of test. Another important factor that affects bond strength values is the adhesive area. In this study, the adhesive area employed was according to the recommended ISO norm 12) . It is noteworthy that shear bond strengths may vary when adhesive areas different than the one tested in this study were used. Both chairside and laboratory types of tribochemical silica coating and silanization resulted in higher mean bond strength values than airborne abrasion with Al2O3 particles, regardless of the test method used. However, the significant difference was more evident between the alumina-treated group and the silica-treated groups in the SBS test. This finding led to partial acceptance of the second hypothesis. By means of laboratory and chairside silica coating methods, the surface is initially covered with alumina particles coated with silica followed by the application of an MPS silane coupling agent (3-methacryloxypropyltrimethoxy silane in ethanol). The silane molecules react with water forming silanol groups (-Si-OH) from methacryloxy groups, and silanol groups react with the silica deposited on the material surface to form a siloxane network (-Si-OSi-O-). As for the monomeric ends of silane, they react with the methacrylate groups of the resin material 19) . Thus, the bonding process between a silica-coated ceramic surface and resin cement occurs through a combination of micromechanical and chemical processes 20) . Evidently, the particle size to create micromechanical retention was less important than the chemical aspect of the adhesion. On the other hand, since failure type did not differ among all the surface conditioning methods, future studies should focus on whether potential damage created by larger particles is clinically relevant as compared to the smaller particles.
CONCLUSIONS
The bond strength results of resin cement to the ceramic tested did not show significant differences between the two test methods (microtensile versus shear). On the effect of surface conditioning methods, both chairside and laboratory types of tribochemical silica coating followed by silanization showed higher bond strength results when compared to aluminum oxide abrasion and silanization, regardless of the test method employed.
